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Exploring the chemical enhancement for surface-enhanced Raman
scattering with Au bowtie nanoantennas
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Single metallic bowtie nanoantennas provide a controllable environment for surface-enhanced
Raman scattering �SERS� of adsorbed molecules. Bowties have experimentally measured
electromagnetic enhancements, enabling estimation of chemical enhancement for both the bulk and
the few-molecule regime. Strong fluctuations of selected Raman lines imply that a small number of
p-mercaptoaniline molecules on a single bowtie show chemical enhancement �107, much larger
than previously believed, likely due to charge transfer between the Au surface and the molecule.
This chemical sensitivity of SERS has significant implications for ultra-sensitive detection of single
molecules. © 2006 American Institute of Physics. �DOI: 10.1063/1.2167649�
Rapid and accurate detection and identification of trace
amounts of chemical species is of the utmost importance in
biology, chemistry, medicine, and defense. Recent advances
in fluorescence spectroscopy methods offer exquisite sensi-
tivity, enabling the ultimate in analytical detection: single
molecules.1 However, fluorescence studies require specially
engineered labels, a limitation that places constraints on po-
tential applications. Raman spectroscopy does not suffer
from this limitation, since most molecules display a unique
set of molecular vibrations that give rise to a distinctive
chemical fingerprint, especially attractive for ultra-selective
analysis.

Because Raman transitions are incredibly weak, this
technique was not generally believed to offer the potential
sensitivity afforded by fluorescence. However, over 30 years
ago, it was first observed that the Raman signal of pyridine
dramatically increases when adsorbed on a roughened Ag
electrode,2,3 and the detailed origins of surface-enhanced Ra-
man scattering �SERS� arising from nanostructured metals
have remained a topic of debate. Researchers linked SERS
signals to a combination of two effects,4 electromagnetic
�EM� enhancement, where illumination intensity is enhanced
due to sharp metal edges or plasmon effects, and chemical
enhancement �CE�, where the Raman cross-section of ad-
sorbed molecules is increased above the solution value,5 with
EM enhancement dominant. Detailed SERS experiments per-
formed on roughened metal films in electrochemical cells
revealed the importance of CE due to the applied potential
dependence of SERS spectra,6,7 but measured values of ei-

ther enhancement were not available.
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Interest in the SERS mechanism blossomed with the re-
cent observation of Raman lines apparently arising from
single molecules adsorbed onto colloidal Ag and Au
particles.4,8,9 To obtain the 14-order of magnitude enhance-
ment required to make Raman signals competitive with fluo-
rescence, it was believed that an enormous EM enhancement
at “hot spots” was combined with a modest CE in these
systems. Detailed investigation revealed signals are greatest
at junctions between plasmonically coupled metal nanopar-
ticles, usually formed when two or more colloidal particles
of �100 nm diameter happen to aggregate,4,10 or within frac-
tal island films.11,12

Michaels et al.4 suggested that coupled colloidal par-
ticles locally enhance the incident laser pump intensity, pro-
portional to �E�2 where E is the electric field, by as much as
105. The same factor enhances the probability of detecting
Raman emission as in the case of a transmitting antenna by
another �E�2 factor yielding a total EM enhancement poten-
tially as high as 1010.

The search for large and controllable EM enhancements
has renewed interest in studying near-field coupling between
metal particles, because optimized structures should readily
produce SERS-active substrates. Scattering experiments
have explored the resonant wavelength of subwavelength-
sized particles,13,14 and have been accompanied by important
theoretical analysis15,16 aiding nanostructure design. Because
of their ability to increase incident and received signals of
molecules in their gap, enhanced lithographically fabricated
metallic nanostructures have been dubbed “nanoantennas”

17,18
and experimentally produced large local E-fields.
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However, there is still uncertainty about the relative im-
portance of the chemical effect, which has been estimated to
enhance SERS signals by factors anywhere from 10 to as
high as 106.19,20 Here, we describe the first use of single
resonant “bowtie” nanoantennas consisting of two metallic
triangles oriented tip to tip designed to facilitate Raman
spectroscopy, measuring SERS from chemically bonded
p-mercaptoaniline �pMA� molecules. Since these structures
provide a coupled plasmon system with lithographically con-
trollable gap and known �measured� EM enhancement,17 this
strategy allows the first direct exploration of the role of CE
in SERS.

Au bowties were fabricated with electron-beam lithogra-
phy producing gap sizes �20 nm �see Fig. 1�B� inset�, and
coated with pMA.21 Single bowties were pumped at their
resonance �830 nm� using a linearly polarized cw laser di-
ode, and imaged in a confocal microscope, whose collection
path was equipped with a grating spectrometer and cooled Si
CCD detector to acquire Raman spectra. pMA was chosen
because the thiol moiety forms a self-assembled monolayer
�SAM� upon binding to Au, it is nonabsorbing at 830 nm,
and several bulk SERS studies were previously performed on
pMA in electrochemical cells6,7 and on metallic nanoshells.22

For verification of SAM preparation, a 35 nm thick
roughened Au film was thermally evaporated, incubated in
pMA,21 and its Raman spectrum �Fig. 1�A�� shows the peaks
expected for pMA SERS.6,21 Prior to pMA incubation, single
bowtie spectra showed only broad continuum emission �Fig.
1�B��, which scales linearly with power below the bowtie
damage threshold, and is attributed to 1-photon photolumi-
nescence excited in Au by the high optical fields near the
bowtie gap.23 Continuum is also present in the pMA Raman
spectra on bowties and the Au film. Figures 1�C� and 1�D�
show spectra �2 s integration� taken at t=326 s and t
=441 s for the same bowtie revealing most of the character-
istic pMA lines seen in Fig. 1�A�. In the fingerprint region

−1

FIG. 1. �Color online� �A� Bulk SERS spectrum of pMA on roughened Au
�10 s integration�; �B� fluorescence continuum from a bowtie without ad-
sorbed pMA. A representative SEM image, inset �scale bar=100 nm, 17 nm
gap�; �C� SERS for pMA on a bowtie �2 s integration� at t=326 s; �D�
SERS from the same bowtie at t=441 s. Spectra �C� and �D� differ in ob-
served SERS modes and total intensity. Red curves in �C� and �D� are
Lorentzian fits for modes between 1000 and 1600 cm−1, offset for clarity.
I=155 kW/cm2.
�1000–1600 cm �, 6–7 lines appear with similar Raman
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shift but radically different amplitudes. For bowties, both
continuum and SERS signals decrease to undetectable levels
�2 s integration� when excitation light is polarized perpen-
dicular to the bowtie long axis.

Using the known monolayer packing area of pMA
�19 A2/molecule�21 and the surface area of the bowtie expe-
riencing enhanced E-fields �3000 nm2� as predicted by elec-
tromagnetic calculations,16 the SERS signal is expected to
arise from N�104 molecules near the tips of the two tri-
angles forming the bowtie gap. We estimate total SERS en-
hancement �TE� for pMA on the bowtie using: TE
=S / �N �Raman � I�, where S is the integrated Raman signal
with continuum fluorescence subtracted �S=5
�104 photons/s�, �Raman=10−29 cm2, � the collection effi-
ciency �0.01�, and I=6.5�1023 photons/s cm2. Thus in Fig.
1�D�, TE=7�107. The TE value is often broken into EM
and CE contributions in the following manner: TE
= ��E�pump

2 / �E0�2���E�transmit
2 / �E0�2�CE, where E0 is the incident

electric field. In our bowties, �E�pump
2 is measured17 to be

�1500�E0�2. Assuming that �E�transmit
2 is also �1500�E0�2, rea-

sonable for Stokes radiation considering the fairly broad an-
tenna resonance,14 a value of CE�30 is obtained, consistent
with previous estimates.21

Closer examination of the spectra shown in Fig. 1�C�
and 1�D� reveals that, while the spectra are similar to the
bulk spectrum �Fig. 1�A��, there are intriguing dynamics;
particular lines “blink” and their mode frequencies shift dis-
continuously, even though an entire monolayer of pMA cov-
ers the bowtie. Behavior like this has been reported
previously,4,8,9,19 but only at concentrations of a few mol-
ecules per nanoparticle. For example, in Fig. 1�C� there is an
intense band at 1380 cm−1 that dramatically decreases in
panel 1�D�, where the spectrum has a lower total intensity
and resembles the bulk pMA spectrum.

To display the typical spectral dynamics we see, Fig.
2�A� shows a “waterfall” plot, where Raman shift, ��, is
plotted as a function of time, and SERS intensity is displayed
as a colorscale. First we consider the very intense �several
thousands of photons/s� broadband flash of emission, as seen
at t�150 s in Fig. 2�A� �yellow arrow�. This brief flash of
broad infrared fluorescence is possibly due to the creation
and subsequent destruction of a metastable Au cluster of
�30 atoms, previously shown to be fluorescent.24,25 Because
these events are rare, and smaller, bluer emitting clusters
would not be resonant with the bowties, we do not consider
cluster formation to be central to the SERS effects reported
here.

Immediately obvious is that the intensity and frequency
of some Raman lines are stable, but vary significantly for
other modes. Using previous pMA mode assignments,6

modes at 1077 and 1590 cm−1, assigned to a1 symmetry,21

are stable in their frequency, and their intensity varies by less
than a factor of 2 over the entire spectral series. For this
reason, we will use the a1 modes as key reference modes in
our analysis below. Conversely, peaks at 1160, 1195, 1325,
1380, and 1450 cm−1, which have b2 symmetry and have
been interpreted as charge transfer �CT� modes for pMA,6,7

display large frequency and intensity fluctuations. For fre-

quency fluctuations, Fig. 2�B� displays the center frequency
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time trajectory of each of two modes, determined by fitting
the peaks to Lorentzian profiles.21 The 1077 cm−1 �a1 sym-
metry, C–S stretch� reference mode �green� displays little
change, while the 1380 cm−1 �b2 symmetry, combination
C–H bend and C–C stretch� mode �blue� varies significantly,
often “jumping” as much as ±20 cm−1 from its expected
value.

We assume that the Raman spectra include contributions
from a large number of molecules with the small enhance-
ment calculated above, plus a contribution from a small
number of molecules with large �possibly huge� enhance-
ment. To highlight the latter contribution, we use the strength
of the 1077 cm−1 reference mode to scale the bulk SERS
spectrum �Fig. 1�A�� and subtract it from the observed spec-
tra, generating the difference spectra in Fig. 2�C�. Note that
scaling by the 1077 cm−1 mode automatically makes the
other a1 mode at 1590 cm−1 disappear. �It should be noted
that a single blinking event is observed for mode “e” at t
�110 s, because a weak b2 symmetry mode exists at
1575 cm−1.� Figure 2�C� shows strong on/off amplitude fluc-
tuations in several b2 modes �designated “b” and “d”�, for
example at the arrows and bracket. The discrete fluctuations
of the b2 modes suggests a dynamic CT process is occurring
and that the SERS signal is quite sensitive to CT.

Due to the difficulty in synchronizing even a small num-
ber of molecules, discrete intensity fluctuations �blinking�
and spectral jumping are two spectroscopic signatures of
single molecules.1 We note that blinking alone is not neces-
sarily a fair indicator of single-molecule SERS, because the
EM enhancement could rapidly change, leading to temporary
fluctuations of SERS signals for all molecules near the gap.
The stability of the reference a1 modes shows that large EM
changes are not occurring. Because the frequency and/or am-
plitude of the b2 modes often discontinuously “jump,” and in
any one 2 s spectrum, a single frequency is observed �movie

FIG. 2. �Color� �A� Waterfall plot showing the evolution of SERS spectra w
t=57–460 s. Notice the intense flash of continuum fluorescence at t�15
fluctuations of both frequency and amplitude for the 1160, 1195, 1325, 1380
�green� and 1380 cm−1 �blue� lines, with error bar shown as dashed lines.2

difference spectra showing discrete intensity fluctuations evident for b2 mode
arrows� “off” �gray arrows� switching for mode “d,” 1450 cm−1. Mode “c”
a1 symmetry are suppressed by the subtraction which is produced in two step
spectrum in Fig. 2�A� is used to scale the observed bulk SERS spectrum o
subtracted from the measured spectrum in A.
in Ref. 21�, this observation implies that there is either a
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synchronization of all 104 molecules near the gap, very un-
likely, or that a very small subset of molecules is responsible
for the discontinuous changes, with the possibility that this
SERS signature is from a single molecule. Therefore, the
varying frequencies �Fig. 2�B�� and amplitudes �Fig. 2�C�� of
the CT b2 modes suggest that selected molecule�s� are sub-
ject to a huge variation in their CE, from �30 to as much as
�107. Apparently, signal from a small subset is comparable,
and often exceeds �by more than an order of magnitude� that
of the remaining 104 molecules near the bowtie gap, even
though both are subject to the same EM value, not an unrea-
sonable possibility.26

Because we are able to distinguish EM and CE enhance-
ment components, and EM is not varying, it is clear that
fluctuating CE is of primary importance in producing the
dynamic SERS behavior, a result that should help elucidate
the elusive SERS mechanism. Since this idea is quite new, it
is not possible to produce a precise mechanism. However,
huge local CE is only present for selected low symmetry
Raman modes of the benzene ring long associated with CT
processes. How can a huge change in CT select for one �or a
few� molecules? We suggest a few reasonable possibilities
based on previous CT theory that could produce the observed
effects, in order to stimulate further experimental and theo-
retical exploration of CE mechanisms.

Very small Ag clusters �O�10 atoms�� have shown sur-
prisingly large Raman signals in the absence of significant
EM enhancement possibly due to extremely large molecule-
cluster couplings.27–29 Indeed, one could imagine that an Au
cluster could form in the bowtie gap, and due to its small
surface area, accommodate a few molecules that would be
strongly enhanced, but we rarely observe cluster fluorescence
or huge a1 mode changes and thus rule out clusters as the
mechanism. Helpfully, CT effects have been characterized in
pMA SERS experiments on rough Ag/Au films in electro-

6,7

ime �2 s integration�. I=11 kW/cm2 for t=0–57 s, and I=38 kW/cm2 for
�yellow arrow�, the relatively stable modes at 1077 and 1590 cm−1, and
1450 cm−1 Raman modes. �B� Mode center frequency fluctuations for 1077
ly modes with b2 symmetry fluctuate significantly. �C� A waterfall plot of
te the blinking in the 1325 cm−1 mode �bracket, mode “b”� and “on” �black
cm−1� also fluctuates. Modes �“a,” 1077 cm−1 and “e,” 1590 cm−1� having
t, intensity for the non-fluctuating fiducial 1077 cm−1 mode for each Raman
A on a rough Au film �Fig. 1�A��, and this scaled bulk SERS spectrum is
ith t
0 s

, and
1 On
s. No

�1380
s: firs
f pM
chemical cells for over a decade, where b2 modes were
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found to be very sensitive to applied potential, and attributed
to CT. To explain this, Osawa et al.6 borrow from the com-
prehensive theory of Lombardi et al.30 who describe the
Herzberg-Teller effect for CT. In short, for a molecule ad-
sorbed onto a metal, vibronic mixing between the electronic
and vibrational wave functions of adsorbed molecules and
those of the metal leads to electron transfer, strongly increas-
ing Raman scattering associated with mixed modes by induc-
ing an effect analogous to resonant Raman.21 A simple physi-
cal picture is presented in Fig. 3 that could produce these
effects. Normally, pMA molecules should orient perpendicu-
lar to the surface in a close-packed SAM, making it difficult
for a molecule to access the metal surface. However, at a
defect, which could be light-induced, the SAM could be in-
terrupted, allowing a single or a few pMA molecules to lie
flat on the surface and undergo CT. In this position, benzene
ring �-orbitals better couple to the Au surface, dramatically
increasing vibronic mixing for selected benzene modes while
leaving mixing for other modes, such as the C–S stretch,
unchanged, strongly enhancing CE for selected modes
only.26 The transient “on”/“off” switching shown for b2

modes in Fig. 2�C� �especially “b” and “d” lines� is consis-
tent with this picture.

In summary, SERS is observed for pMA adsorbed on
lithographically produced single bowtie nanoantennas with
known local field enhancement, yielding the expected Ra-
man lines on top of a fluorescent continuum originating in
the Au. Despite the fact that �104 molecules are present near
the bowtie gap, the Raman spectra display discrete blinking
and spectral shifting events, indicating that a few or possibly
one molecule produces a SERS signal comparable to that of
the remaining molecules. This means some molecules expe-
rience a larger CE than previously believed possible, as large
as 107. This is possibly understood using existing CT theory,
in which we suggest that an increase in wave function mix-
ing between �-orbitals in the benzene ring and Au occurs
when a pMA molecule lies down at the surface. Due to the
extreme sensitivity of SERS enhancement to the properties
of adsorbed chemical species, the design and production of

FIG. 3. Proposed CT mechanism. At a defect site, a pMA molecule can
adsorb flat on the surface, enabling �-electrons in the benzene ring to more
strongly interact with the Au surface, increasing vibronic coupling for se-
lected modes, increasing SERS.
nanoantenna-based SERS substrates holds great promise in
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performing trace chemical detection, but achieving the
proper orientation for large CE will be a challenge.
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